Abstract The G protein-coupled P2Y 12 receptor (P2Y 12 R) is an important antithrombotic target and of great interest for pharmaceutical discovery. Its recently solved, highly divergent crystallographic structures in complex either with nucleotides (full or partial agonist) or with a nonnucleotide antagonist raise the question of which structure is more useful to understand ligand recognition. Therefore, we performed extensive molecular modeling studies based on these structures and mutagenesis, to predict the binding modes of major classes of P2Y 12 R ligands previously reported. Various nucleotide derivatives docked readily to the agonistbound P2Y 12 R, but uncharged nucleotide-like antagonist ticagrelor required a hybrid receptor resembling the agonistbound P2Y 12 R except for the top portion of TM6. Supervised molecular dynamics (SuMD) of ticagrelor binding indicated interactions with the extracellular regions of P2Y 12 R, defining possible meta-binding sites. Ureas, sulfonylureas, sulfonamides, anthraquinones and glutamic acid piperazines docked readily to the antagonist-bound P2Y 12 R. Docking dinucleotides at both agonist-and antagonist-bound structures suggested interactions with two P2Y 12 R pockets. Thus, our structure-based approach consistently rationalized the main structure-activity relationships within each ligand class, giving useful information for designing improved ligands. 
Abstract The G protein-coupled P2Y 12 receptor (P2Y 12 R) is an important antithrombotic target and of great interest for pharmaceutical discovery. Its recently solved, highly divergent crystallographic structures in complex either with nucleotides (full or partial agonist) or with a nonnucleotide antagonist raise the question of which structure is more useful to understand ligand recognition. Therefore, we performed extensive molecular modeling studies based on these structures and mutagenesis, to predict the binding modes of major classes of P2Y 12 R ligands previously reported. Various nucleotide derivatives docked readily to the agonistbound P2Y 12 R, but uncharged nucleotide-like antagonist ticagrelor required a hybrid receptor resembling the agonistbound P2Y 12 R except for the top portion of TM6. Supervised molecular dynamics (SuMD) of ticagrelor binding indicated interactions with the extracellular regions of P2Y 12 R, defining possible meta-binding sites. Ureas, sulfonylureas, sulfonamides, anthraquinones and glutamic acid piperazines docked readily to the antagonist-bound P2Y 12 R. Docking dinucleotides at both agonist-and antagonist-bound structures suggested interactions with two P2Y 12 R pockets. Thus, our structure-based approach consistently rationalized the main structure-activity relationships within each ligand class, giving useful information for designing improved ligands.
Introduction
P2Y receptors (P2YRs) are a family of purinergic G protein-coupled receptors (GPCRs), activated by endogenous nucleotides such as ADP, ATP, UDP, UTP and UDP-glucose [1] . Based on phylogenetic proximity, sequence similarity and G-protein coupling, P2Y receptors can be divided into two subgroups: P2Y 1 -like (including P2Y 1,2,4,6,11 subtypes) and P2Y 12 -like (including P2Y 12,13,14 subtypes). Since purinergic signaling is an evolutionarily early molecular messenger system, these receptors are involved in numerous pathophysiological processes [2] and are widely distributed in both neuronal and non-neuronal tissues, making them interesting as potential drug targets. The G i -coupled P2Y 12 receptor (P2Y 12 R), which responds to ADP as an endogenous agonist, was cloned in 2001 [3] , but drugs targeting this receptor were developed before their actual site of action was known. P2Y 12 receptor (P2Y 12 R) plays a major role in platelet aggregation, and antagonists of this receptor are useful as antithrombotic agents for the prevention of myocardial infarction and stroke [1, 4] . In particular, three P2Y 12 R antagonists are currently on the market, and one of these (clopidogrel) has been among the world's best-selling drugs in the recent years [5, 6] . Another recently reported potential application for P2Y 12 R antagonists is for the treatment of inflammatory and neuropathic pain, through blockade of the receptor in the CNS [7] .
Various P2YRs still lack pharmacological tool compounds, such as potent and selective synthetic agonists and antagonists. However, considerable progress has been made in exploring the structure-activity relationship (SAR) of antagonists for the P2Y 12 subtype [1, 5] . P2Y 12 R agonists are essentially nucleotide derivatives [5, 8, 9] (compounds 1-8, Fig. 1 ), while several different chemical classes have shown P2Y 12 antagonist activity, including: ureas, sulfonylureas and sulfonamides [10] [11] [12] [13] [14] ; anthraquinones [15] ; glutamic acid piperazines [16] [17] [18] [19] [20] ; nucleotide and nucleoside derivatives [21] [22] [23] [24] [25] [26] [27] [28] and dinucleotides [29] [30] [31] (compounds 9-55, Fig. 2 , Table 1 ). The currently used antithrombotic drugs clopidogrel (56, Plavix) and prasugrel (57, Effient) (Fig. 3 ) belong to the thienopyridine class of P2Y 12 antagonists, which require metabolic activation in vivo prior to binding covalently to the receptor to induce an irreversible inhibition. Ticagrelor (47, Brilinta), developed through molecular optimization of nucleotide ligands, was the first reversible P2Y 12 antagonist approved for clinical use [32] . The pharmacological action of some P2Y 12 R ligands, such as nucleoside 5 0 -triphosphates and dinucleotides, is still ambiguous, because they can behave as agonists, partial agonists or antagonists depending on structural features, the system under study and the receptor expression level [33] [34] [35] . ATP itself is a P2Y 12 R agonist [34] , but its derivatives can have reduced efficacy.
Due to the great interest in the P2Y 12 R as a therapeutic target, previously only computational approaches could be applied to modeling its structure for use in SAR rationalization and rational drug design [36] . However, very recently the resolution of the crystallographic structures of the P2Y 12 R in complex with the full agonist 2-methylthioadenosine-5 0 -diphosphate (2MeSADP, 3; PDB ID: 4PXZ) and partial agonist 2-methylthio-adenosine-5 0 -triphosphate (2MeSATP, 7; PDB ID: 4PY0) [37] and with the antagonist ethyl 6-(4-((benzylsulfonyl)carbamoyl)piperidin-1-yl)-5-cyano-2-methylnicotinate (AZD1283, 19; PDB ID: 4NTJ) [38] revealed atypical features of this receptor compared to other GPCR structures. These features, including the lack of a 'conserved' disulfide bridge in the antagonist-bound state, would have been impossible to predict by the previous modeling approaches. Therefore, there is now a need to review previous findings in light of this new structural information to gain a better understanding of recognition at this receptor. In this study, based on the newly solved P2Y 12 R crystallographic structures, we model the binding of most of the major classes of P2Y 12 R ligands reported. Due to the heterogeneity of binding and functional data found in the literature, our study is not intended to explain subtle differences in binding affinities among all the ligands but to identify a reasonable binding mode for each family of compounds. Thus, it is now possible to rationalize the main SAR findings previously reported for each ligand class, in order to facilitate the design of new and improved compounds. Insights obtained from molecular modeling analysis for one compound class, i.e. anthraquinones, are supported through mutagenesis studies.
Results

Comparison of P2Y 12 R crystallographic structures
We began by analyzing the available P2Y 12 R crystallographic structures, mainly focusing on the complexes with 3 (designated here as agonist-bound P2Y 12 R structure, resolution 2.50 Å ) and with 19 (designated here as antagonist-bound P2Y 12 R structure, resolution 2.62 Å ). The P2Y 12 R complex with nucleotide 7 was not included because it is very similar to the 3-P2Y 12 R complex, but is of lower resolution (3.10 Å ). Crystallographic data revealed two very different conformations for the P2Y 12 R when bound to an agonist or an antagonist (Fig. 4 and S1, Supporting Information), with the largest conformational change occurring in transmembrane helices (TMs) 6 and 7. In particular, the inward shift of TM6 and TM7 observed in the agonist and partial agonist complexes allows formation of an extensive ionic and polar interaction network with the phosphate groups of the nucleotides. On the other hand, the phenyl group of 19 is accommodated in a hydrophobic pocket between TMs 6 and 7 preventing the inward movement of these two helices and stabilizing an open conformation of the receptor. Another striking difference is that the disulfide bond connecting TM3 with the second extracellular loop (EL2), highly conserved among family A GPCRs, is clearly observed in the agonist-bound P2Y 12 R structure (Cys97(3.25)-Cys175(EL2)), while it is not resolved with the antagonist bound. Overall, the binding Fig. 1 Structures of representative nucleotides as P2Y 12 R agonists and partial agonists (compounds [1] [2] [3] [4] [5] [6] [7] [8] site is contracted in the agonist-bound structure as compared to the antagonist-bound structure; in the latter complex ELs are mainly unresolved, but they are closely associated with the nucleotide ligand in the agonist-bound structure. However, in both cases the binding cavity has a peculiar bifurcated shape that generates two pockets (Figure S1 , Supporting Information). The first pocket, where both compounds 3 and 19 bind, is delimited by TMs 3, 4, 5, 6 and 7, while the second, empty pocket in both crystal structures, is delimited by TMs 1, 2, 3 and 7. Despite these large differences in receptor conformation between the two complexes, the binding poses of the two ligands partially overlay and show some conserved interactions (Fig. 4) . Both the nicotinate group of 19 and the adenine moiety of 3 are stabilized by a p-p stacking interaction with Tyr105 (3.33). The 2-thioether of the agonist and the ethyl ester of the antagonist inserts into the same side pocket delimited by Phe106 (3.34), Met152 (4.53), Leu155 (4.56), Ser156 (4.57) and Cys194 (5.43). The alkyl chains on these groups form hydrophobic interactions with the surrounding residues and help in anchoring the ligands because their fit with this side pocket gives greater complementarity with the binding site. Other polar interactions help stabilizing both ligands in this region of the binding site, such as two H-bonds between the adenine ring of 3 and Asn191 (5.40) and a H-bond between the ester carbonyl of 19 and Asn159 (4.60).
The ribose moiety of compound 3 forms multiple H-bonding interactions that are not observed in the 19-P2Y 12 R complex; in fact, most of the residues interacting with the sugar, such as Cys97 (3.25), Asn159 (4.60), His187 (5.36) and Lys179 (EL2), are not solved or differently oriented in the antagonist-bound structure (see Fig. 4 ). Interestingly, 3 binds with the ribose in a South conformation, in agreement with the previous observation that the North (N)-methanocarba derivative of 3 (MRS2365) is selective for the P2Y 1 R over the P2Y 12 and P2Y 13 subtypes [39] .
The phosphate groups of agonist and partial agonist interact with numerous hydrophilic and positively charged residues, including Arg93 (3.21), Tyr105 (3.33), Cys175 (EL2), Arg256 (6.55), Tyr259 (6.58), Gln263 (6.62) and Lys280 (7.35) . Among these amino acids, two cationic residues Arg256 (6.55) and Lys280 (7.35) and an aromatic residue Tyr259 (6.58), previously predicted by mutagenesis studies to be involved in receptor function and/or ligand binding and conserved in the P2Y 12 R-like subfamily [40, 41] , interact also with compound 19. In particular, Arg256 (6.55) and Lys280 (7.35) interact with the acylsulfonamide moiety, and Tyr259 (6.58) helps stabilizing the phenyl group of the ligand.
Some water molecules in contact with the ligands have been solved in these crystal structures. There are two water molecules interacting with the sulfonamide moiety of compound 19 in the antagonist-bound P2Y 12 R structure and seven in proximity of compound 3 in the agonist-bound P2Y 12 R structure. In particular, four water molecules are in contact with the b-phosphate of compound 3 and mediate its interaction with some residues such as Arg19 (N-term). Two of these water molecules are in proximity of the N 6 atom of the adenine ring, and one is closer to the ribose ring but not directly interacting with it. In both structures, the possible presence of other water molecules not observed in 
Docking of P2Y 12 R ligands
We collected from the literature *500 diverse small molecules that were experimentally tested at the P2Y 12 R [5, 8, 31] (representative derivatives shown in Figs. 1 and 2), and we docked them at both the antagonist-and agonistbound P2Y 12 R structures to predict possible binding modes. Then, because of the significant conformational differences between the two crystals, for each family of ligands we selected the most appropriate structure for docking, based on fitting of the cavity, analysis of proteinligand interactions and the ability to rationalize the reported SAR. As discussed below, in order to obtain a reasonable binding mode for some compounds, it was necessary to build hybrid models of the P2Y 12 R that combined features of both the agonist-and antagonistbound structures. The active metabolites of compounds 56 and 57 were not included in our docking study because of the covalent nature of their P2Y 12 R binding.
Before performing docking of new ligands, the Glide [42] docking algorithm was tested in its ability to reproduce the crystallographic poses of compounds 3 and 19 in the two structures. Self-docking gave good results in both cases, returning top scoring docking poses with root-meansquare deviation (RMSD) from the crystal pose of 0.2 and 0.9 Å for 3 and 19, respectively. However, cross-docking of 3 to the rigid antagonist-bound structure and of 19 to the rigid agonist-bound structure was not able to reproduce poses similar to the crystallographic ones due to the 
Docking of P2Y 12 R agonists and partial agonists
Mononucleotide derivatives, e.g. 5 0 -diphosphates (compounds 1-4) and 5 0 -triphosphates (compounds 5-8) docked very easily to the agonist-bound structure with a conformation analogous to the one observed for the co-crystallized nucleoside 5 0 -diphosphate and 5 0 -triphosphate (Fig. 5) . All of the common interactions that stabilize the nucleotide molecules are conserved between the crystal structure and the docking poses. However, when docked to the antagonist-bound structure, these compounds showed a different orientation in the binding cavity. In particular, the bicyclic ring of the base occupied the same region of the cavity in proximity to Tyr105 (3.33) but with a different orientation, and the ribose and phosphate groups are directed towards TM6 and TM7, interacting with Arg256 (6.55) and Lys280 (7.35) ( Figure S2 , Supporting Information). This is not surprising considering the outward position of these two helices in the antagonist-bound structure and the fact that the residues anchoring the ribose in the agonist complex are not in proximity to serve as recognition points in the antagonist-bound structure, as previously described.
Docking to the agonist-bound structure clearly shows the role of the substituent at the C2 position in modulating the receptor affinity and suggests the possibility of various substitutions (Fig. 5) . The insertion of a hydrophobic group in a small side pocket at the bottom of the binding site between TM3, TM4 and TM5 stabilizes the agonist binding mode and can explain the higher affinity of 3 compared to 1 (ADP). Moreover, more extended linear groups are tolerated at the C2 position as shown by the docking poses of 2-hexynyl-ADP (4) and 2-hexynyl-ATP (8) [9] , which maintain all of the interactions observed in the crystal pose of 3. However, docking of 2-phenylethynyl-ADP and 2-phenylethynyl-ATP [9] did not give similar results; these compounds were not able to fit the binding site with a similar orientation because of the bulky C2 substituent. These findings are in agreement with the previously reported agonist activity of compounds 4 and 8 at the P2Y 12 R and the inactivity of the corresponding 2-phenylethynyl nucleotides [9] .
Docking of P2Y 12 R antagonists
Ureas, sulfonylureas, sulfonamides Several urea, sulfonylurea and sulfonamide derivatives, analogues of compound 19, were reported to be P2Y 12 R antagonists (compounds 9-22), originating from a library of hit compounds identified by high throughput-screening that contained a piperazinyl-pyridine scaffold [11] [12] [13] [14] .
As expected, these derivatives when docked to the antagonist-bound structure showed a binding mode similar to 19, which was also in agreement with previous SAR findings (Fig. 6a) . Docking of such extended derivatives at the agonist-bound P2Y 12 R structure returned some lowerscore docking poses. In these poses, the pyridine ring occupied the same region as in the 19-complex, and the rest of the molecule bent around TM3 with the distal aromatic group oriented towards TM2 ( Figure S3 , Supporting Information).
Many features of the SAR of this class of compounds are in agreement with their binding mode observed at the antagonist-bound structure. SAR exploration of the aromatic substituent on the urea, sulfonylurea or sulfonamide group showed tolerance for phenyl, benzyl and naphthyl groups and preference for lipophilic substitutions on the ring [11] . This is in agreement with the docking observation that a hydrophobic pocket between TM6 and TM7, delimited by Phe252 (6.51), Ala 255 (6.54), Tyr259 (6.58), Leu276 (7.31), Val279 (7.34), Thr283 (7.38) and the alkyl portion of the side chains of Arg256 (6.55) and Lys280 (7.35) , can accommodate such aromatic groups (Fig. 6) . A good fit of a ligand within this cavity could contribute significantly to its potency. 0 -diphosphates 1 (cyan carbon sticks) and 4 (magenta carbons sticks) and crystal pose of compound 3 (pink carbon sticks) at the agonist-bound P2Y 12 R structure. Non-polar hydrogen atoms are not displayed. The surface of the binding site is shown in grey. The view of TM5 is partially omitted SAR investigations also revealed a key role for the 3-alkyl ester moiety [11, 12] . Docking results show that the carbonyl of the ester group forms a H-bond with Asn159 (4.60), and its alkyl moiety fits a small hydrophobic cavity between TM3, TM4 and TM5 (Fig. 6a) , as also observed for the crystal pose of compound 19. This binding mode suggests that both a good complementarity of the alkyl chain within the hydrophobic pocket and the presence of a good H-bond acceptor group are required for potency. This would explain why shortening the ethyl ester to methyl ester or inserting branches in the alkyl chain close to the carbonyl reduced the binding affinity, and replacing the ester with a carboxylic acid or a sulfonate group was not tolerated in P2Y 12 R binding. Moreover, replacement of the ethyl ester functionality with non-classical heterocyclic bioisosteres was tolerated only when a strong H-bond acceptor group and an alkyl group were present on the heterocycle at the right positions to match the ethyl ester at the antagonist-bound P2Y 12 R crystal structure. Side chains of residues important for ligand recognition are shown in thin sticks (grey carbons), and red dashed lines indicate polar interactions formed by the docked compounds. Non-polar hydrogen atoms are not displayed spatially [13] . Interestingly, previously performed computational analysis based on ligand shape and electrostatic similarity proposed correctly positioned H-bond acceptor and alkyl groups as necessary structural motifs for binding. These hypotheses now can be further tested, knowing the structure of the receptor, as shown by the docking pose of compound 22 in Fig. 7a .
Another compound bearing a sulfonylurea moiety but a different scaffold from the previously described compounds is Elinogrel (compound 58, Figure S4 , Supporting information), a drug candidate that reached clinical trials but whose development was then terminated. Pharmacological data for derivatives of this compound have not been published; therefore, it is difficult to discuss the SAR of this compound. Nevertheless, when docked to the antagonist-bound P2Y 12 R structure, compound 58 shows an orientation very similar to compound 19 with the thiophene ring inserted between TM6 and TM7, the sulfonylurea group interacting with Arg256 (6.55) and Lys280 (7.35), and the 2,4-dioxo-1,4-dihydroquinazoline ring interacting with Tyr105 (3.33).
Very recently, novel antagonists with micromolar binding activity at the human (h) P2Y 12 R were reported, starting from a 4-pyrazol-1-ylbenzamide hit obtained by high throughput screening [43] . Molecular optimization led to several derivatives with good affinity at the P2Y 12 R (compounds 23-26), among them the preclinical candidate N-[6-(4-butanoyl-5-methyl-1H-pyrazol-1-yl)pyridazin-3-yl]-5-chloro-1-[2-(4-methylpiperazin-1-yl)-2-oxoethyl]-1H-indole-3-carboxamide (26, SAR216471). Even though these compounds do not present a urea or sulfonamide group but rather an amide moiety, they showed a binding mode comparable to the one observed for the previously described derivatives (compounds 9-22). In fact, the docking pose of 26 at the antagonist-bound P2Y 12 R structure (Fig. 6b) shows: the pyridazine ring forming an aromatic p-p stacking interaction with Tyr105 (3.33); the butanoyl chain located in proximity of TM3, TM4 and TM5 forming a H-bond with Asn159 (4.60); the amide group placed between Arg256 (6.55) and Lys280 (7.35); the indole moiety accommodated between TM6 and TM7 and the substituent on the indole pointing toward the extracellular environment in proximity of EL3 forming interactions with residues of the loop.
Anthraquinones Following the observation of the antagonist activity at the P2Y 12 R of Reactive Blue 2, several derivatives belonging to the anthraquinone family have been reported as high-affinity P2Y 12 R antagonists (compounds 27-31) [15] . Docking of these derivatives to the P2Y 12 R agonist-bound crystal structure did not return any pose, because the compounds were too bulky to fit the contracted binding site. Therefore, to perform docking studies of anthraquinone derivatives, we used the antagonist-bound crystal structure. Figure 7a shows the superposition of the top-scoring docking pose of 1-amino-9,10-dihydro-9,10-dioxo-4-[[4-(phenylamino)-3-sulfophenyl]amino]-2-anthracenesulfonic acid (27, [15] . SAR studies also highlighted the importance for high affinity of acidic groups such as sulfonate or carboxylate at the 2 position of the anthraquinone scaffold and at the meta-position of ring D. This is in agreement with the observed interactions of these negatively charged groups with two positively charged residues of the binding site (Fig. 7) . Specifically, the sulfonic acid on ring D occupies the same region as the sulfonyl group of 19 and interacts with both Arg256 (6.55) and Lys280 (7.35), while the sulfonic acid on ring C interacts with Lys280 (7.35).
Available mutagenesis data confirm this binding mode. In fact, at the R256A-mutant P2Y 12 R the potency of 27 (bearing sulfonic acids on rings C and D) and 28 (bearing a sulfonic acid on ring D) was decreased, but the potency of 29 (lacking a sulfonic acid on ring D) was not affected [44] . The proximity of the sulfonic group on ring D to the side chain of Arg256 (6.55) in the docking poses of these derivatives can explain these mutagenesis results, while the sulfonic group on ring C is too far to strongly interact with that arginine residue.
To further prove this binding mode, we mutated Lys280 (7.35) and Cys194 (5.43) each to Ala and measured functional activity using a cAMP response elementdriven luciferase reporter gene assay [45] . At the K280A-mutant receptor both compounds 28 and 29 showed lower apparent pK B -values (Fig. 8) . This is in agreement with the observation that Lys280 can interact with both sulfonic groups on rings C and D, therefore stabilizing the binding of both of these two derivatives. In addition, an increase in antagonist potency of compounds 28 and 29 was observed at the C194A-mutant receptor (Figure S5 , Supporting Information), as also previously reported for 27 [45] . This can be explained by an increase in space and hydrophobicity of the region of binding of the anthraquinone core, resulting in a better accommodation of these compounds. In fact, Cys194 Interestingly, in the anthraquinone family substitutions on the A ring have not been reported; therefore, the possible beneficial effect on affinity of an interaction with Asn159 (4.60) and/or of the occupation of the small pocket between TM3, TM4 and TM5 cannot be probed. In fact, the carbonyl group on ring B and the amino group on ring C are too far to directly interact with Asn159 (4.60) or other polar residues of that region of the binding site. However, the possible presence of water molecules could mediate and/or possible side chain rearrangement could determine additional polar interactions with nearby residues, such as Gln98 (3.26), Ser101 (3.29), Asn159 (4.60) and His187 (5.36). We can speculate that insertion of a hydrophobic chain on the anthraquinone scaffold that fits the subpocket between TMs 3, 4 and 5 could possibly increase the potency of these compounds, as observed for other structural series. [57] . Docking studies showed that these derivatives are accommodated better at the antagonist-bound P2Y 12 R structure, as compared to the agonist-bound structure where the space is reduced. In particular, bulkier derivatives of the series could not fit the rigid binding site of the agonist-bound structure, while smaller derivatives could fit when bent around TM3 to occupy both pockets but only with poorer docking scores ( Figure S6 , Supporting Information). On the other hand, docking performed at the antagonist-bound structure returned poses with an orientation similar to 19 (Fig. 7b) .
As shown in Fig. 7b , the piperazine ring occupies the same region as the pyridine ring of compound 19. In this case, even though Tyr105 (3.33) cannot form a stacking interaction with an aromatic ring of the ligand, as observed for compound 19, it helps in stabilizing the binding pose through hydrophobic interactions with the piperazine ring. The ester group forms an H-bond with Asn159 (4.60) and fits the pocket delimited by Phe106 (3.34), Met152 (4.53), Leu155 (4.56), Ser156 (4.57) and Cys194 (5.43), exactly as seen for the ester moiety of 19 in the crystal structure. The aromatic portion of these ligands inserts between TM6 and TM7, forming stabilizing hydrophobic interactions similar to the phenyl ring of 19. The glutamic acid moiety forms an ionic interaction with Lys280 (7.35), which even though contributing to the stability of the complex, does not seem to be essential as shown by the high affinity of compounds 39-41 for the P2Y 12 R. These compounds present an analogous binding mode (Fig. 7b) , except that the ionic interaction is missing, which shows how optimization of the rest of the ligand structure can lead to compounds with high P2Y 12 R affinity and not presenting the glutamic acid group. The different substitutions on the heteroaromatic ring are oriented toward the extracellular environment and make contacts with TM6, TM7 and EL3. Because this is a flexible region of the receptor, as highlighted by crystallographic data, it is more difficult to study the specific interactions formed by these substituents.
Nucleotide and nucleoside antagonists Using agonist ATP as a chemical starting point, several nucleotide mimetics have been developed as P2Y 12 R antagonists, through optimization of pharmacodynamic and pharmacokinetic properties. Such optimization approaches led to the discovery of the first reversible P2Y 12 antagonist approved for clinical use (compound 47) [32] .
Docking of some nucleotide and nucleoside derivatives (compounds 42-48) to the antagonist-bound structure resulted in poses completely different from the one observed for nucleotides in the crystal structures and therefore did not seem very convincing. Instead, 43 and other nucleotide-mimetic antagonists with linear N 6 substituents of up to four heavy atoms [21] when docked to the agonist-bound P2Y 12 R structure showed an orientation very similar to 3 (Fig. 9a) . This was true also for compounds with similar structure but not presenting phosphate groups (such as 44). Thus, as in the nucleotide crystal structures, such derivatives showed a p-p stacking interaction with Tyr105 (3.33), H-bonds with Cys97 (3.25), His187 (5.36), Lys179 (EL2) and Asn191 (5.40) and the C2 substituent accommodated in the side pocket delimited by TM3, TM4 and TM5. The N 6 group was located at the bottom of the binding site directed towards TM6.
However, docking of compound 47 and other similar derivatives with a bulky N 6 substituent (compounds 45-48) did not give satisfactory results with either the P2Y 12 R agonist-or antagonist-bound structure. In fact, at the agonist-bound structure the cavity was too small to fit 47 in an orientation similar to 3, because the bulky N 6 substituent of 47 would coincide with TM6. Therefore, we decided to build a model of the P2Y 12 R to combine the features of both crystal structures. In particular, we built a hybrid model with an overall structure resembling the agonistbound P2Y 12 R structure except for the upper part of TM6 (from Phe254 (6.53) to Ser262 (6.61)). That region of TM6 was modeled on the antagonist-bound P2Y 12 R structure. This region of the receptor shows major conformational changes between the two structures. In fact, when 3 binds, TM6 bends towards the binding site, and in particular the side chain of Arg256 (6.55) stretches to interact with the aphosphate of the ligand. However, when 19 binds, TM6 is pushed outwards by the benzylsulfonyl-carbamoyl group of the antagonist, and the side chain of Arg256 (6.55) is directed toward TM5.
Using this hybrid model we were able to find a docking pose of uncharged carbocyclic compound 47 very similar to the one observed for 3 (Fig. 9b) . Some interactions The bicyclic core forms a p-p stacking interaction with Tyr105 (3.33) and a H-bond with Asn191 (5.40). The 2-thioether inserts into the hydrophobic side pocket between TM3, TM4 and TM5, and the 2 0 -and 3 0 -hydroxyl groups form H-bonds with Lys179 (EL2), His187 (5.36) and the backbone carbonyl of Cys97 (3.25) . In addition, the N 6 substituent of 47 is directed between TM6 and TM7, in a similar region as the phenyl ring of 19, and forms an aromatic interaction with Phe252 (6.51).
Considering this binding mode, we were able to rationalize recently reported mutagenesis data for compound 47 [45] . R256A and K280A mutations did not affect the antagonist potency of 47, in agreement with the absence on the structure of 47 of an acidic group able to interact with these positively charged residues. Lys173 (EL2), Lys174 (EL2) and Cys248 (6.47) are not in direct contact with 47 in the proposed docking pose (more than 10 Å away) and therefore are not expected to be important in stabilizing its binding to the receptor, in agreement with mutagenesis results. Mutation of Ser101 (3.29) to Ala did not change the potency of 47; in fact, even though Ser101 (3.29) is in proximity of 47, it is not involved in any particular polar interaction with the ligand. C194A is a mutation that greatly affected the potency of 47. This residue is located in the lower part of the binding site in proximity of the exocyclic NH of 47. Cys194 (5.43) can have a role in stabilizing the binding of the ligand through polar interaction with the NH group and in shaping the cavity in a way favorable to this ligand orientation. Moreover, the residue is located in TM5 in proximity to the region where the conformational rearrangements occur, and therefore its mutation can affect this process.
Dinucleotides Naturally occurring and synthetic dinucleotides (compounds 49-55) have shown partial agonist and/or antagonist activity towards the P2Y 12 R, depending on the system under study. The unusual bifurcation of the binding cleft in the P2Y 12 R crystal structures already suggested the possibility of the two nucleoside moieties of dinucleotide ligands reaching both pockets in the bound state [37, 46] .
High-scoring docking poses were obtained for these derivatives at the antagonist-bound P2Y 12 R structure (Fig. 10a) . In particular, docking results show one nucleotide moiety accommodated in the pocket delimited by TMs 3, 4, 5, 6, and 7; while the second nucleotide moiety reaches the pocket delimited by TMs 1, 2, 3 and 7, with the phosphate groups interacting with positively charged residues on TMs 6 and 7. However, the orientation of the nucleotide moiety in the first pocket is different from the one observed for compound 3 in the crystal structure, since residues stabilizing the orientation of the ribose and of the base have different conformations in the two P2Y 12 R structures, i.e. Lys179 in EL2, Cys97 in TM3 because of the missing disulfide bond, His187 and Asn191 in TM5. On the other hand, docking of dinucleotides to the rigid agonist-bound P2Y 12 R crystal structure did not return any pose, probably because the binding site is contracted and EL2 is covering the pocket not leaving enough space for these extended ligands to bind. Therefore, modeling results seem to indicate that the receptor conformation that binds dinucleotides To prove this hypothesis, we performed Induced Fit Docking [47] of dinucleotides at the agonist-bound structure. In fact, after optimization of the binding site residues, dinucleotides were able to fit the binding cavity. Docking poses showed one nucleotide moiety oriented and interacting similarly to 3 and the second nucleotide moiety accommodated less deeply in the binding site in proximity to TM2 and TM3, interacting also with residues in EL2 and the N-terminus (Fig. 10b ). The phosphate groups form H-bonding and ionic interactions with residues of TM6, TM7 and EL2, as observed in the agonist crystal pose.
Supervised molecular dynamics
In order to further elucidate the P2Y 12 R-ligand recognition process we used Supervised Molecular Dynamics (SuMD) to identify ligand-protein bound states that chronologically anticipate the orthosteric binding site recognition. In this framework, we selected compound 47 as a non-chargedat physiological pH-molecular probe to clarify the influence of: (a) interaction with TMs; (b) binding pocket topology and (c) hydration during the antagonist recognition process. Prior investigation of the ligand-recognition process, the apo-form of the P2Y 12 R hybrid model was equilibrated in a fully solvated membrane like environment and binding pocket hydration characterized using an approach previously reported [48] . Analysis of the Molecular Dynamics (MD) trajectories identified the stable formation of a salt bridge between Glu188 (5.37) and Arg256 (6.55) linking TM5 and TM6 (Fig. 11a) . The interaction between the two vicinal TMs is also stabilized by the formation of a hydrogen-bonding network between the polar side chains of Gln195 (5.44) and Thr260 (6.59) with water molecules and the glycerol 3-phosphate moiety of membrane lipids (POPC lipids). Such detail of interaction has not yet been observed in any ligand bound-P2Y 12 R crystal structures. In addition, the polar binding site of the P2Y 12 R revealed the presence of water clusters and other peculiar motifs (i.e. chloride ions) bridging charged residues present in TM1, TM2 and TM7. Time dependent organization of water clusters analysis on the produced MD trajectories [49] highlights the presence of structural water molecules bridging Lys80 (2.60), Asp84 (2.64), Arg93 (3.21), Glu281 (7.36) (Fig. 11b) and Arg19 (N-term), Tyr21 (N-term), Lys174 (EL2), Glu273 (7.28) (Fig. 12c) . Chloride ions are also found to be coordination with Arg93 (3.21), as commonly found in X-ray crystal structures deposited in the Protein Data Bank [50] .
We ran multiple independent SuMD simulations to fully sample the conformational landscape exploration of compound 47 during its P2Y 12 R recognition process and to characterize convergent metastable-states. Several discrete converging binding states were detected by clustering contacts and the orientation of the ligand along the binding pathway (Fig. 12) . EL2, EL3 and the N-terminus play an essential role in engaging interactions with the adenine core of the antagonist by providing favorable polar and hydrophobic contacts to anticipate the approach of the ligand from the extracellular binding pocket vestibule (Fig. 12b) . Meta-binding sites that are able to accommodate the ligand prior to recognition at the orthosteric binding site (Fig. 12c) are composed of residues belonging to different TMs, such as TM5, TM6 and TM7 along with EL2. The 2-thioether of 47 is directed towards EL2 in proximity of Phe177 (EL2) and Ser178 (EL2); the 3,4-diFphenyl-cyclopropyl group extends into a hydrophobic pocket delimited by TM6 and TM7 interacting with Tyr259 (6.58), Ala272 (7.27) and Leu276 (7.31). The 3 0 -hydroxyl group forms H-bonding interaction with Glu188 (5.37), which is involved in a strong salt bridge with Arg256 (6.55). Desolvation of non-bulk like water molecules and breaking of the salt bridge between Glu188 (5.37) and Arg256 (6.55) may represent one of the largest energetic barriers to overcome along the drug-receptor binding pathway in order to allow recognition of 47 at the orthosteric binding site. In support of this hypothesis, all major meta-binding sites characterized using independent SuMD simulations are located in the vestibule delimited by TM5, TM6, TM7 and EL2, above the orthosteric binding pocket (Fig. 12d) .
Discussion
The recent resolution of three crystallographic structures of the hP2Y 12 R provides new information to understand ligand recognition at this receptor and highlights the imprecision of previous modeling attempts. Moreover, the observation of two very different ligand-bound conformations of the P2Y 12 R provoked the question of which is the best structure to perform docking studies of specific ligands. To address these issues we performed extensive molecular docking studies of the major chemical classes previously reported as P2Y 12 R ligands.
As expected, the agonist-bound structure was found to be the best crystal form for docking of P2Y 12 R agonists in order to distinguish active and inactive compounds. The antagonist-bound structure returned agonist poses located in the same region of the binding site and interacting with a few common residues, but it was not suitable to determine the correct orientation of the ligands as it lacked several key interactions. On the other hand, the antagonist-bound structure was clearly the best target to dock bulky P2Y 12 R antagonists, such as urea, sulfonylurea, sulfonamide, anthraquinone and glutamic acid piperazine derivatives, while for other antagonists an optimal structure for docking was more difficult to identify. In particular, for compounds derived from nucleotide structures different results were obtained depending on the size of their N 6 substituent. Derivatives with a linear N 6 group up to four heavy atoms could fit the agonist-bound P2Y 12 R structure in an orientation similar to the one observed for the crystallized nucleotides, while derivatives with a bulkier N 6 substituent needed a conformational rearrangement of the receptor to adopt an analogous conformation. This rearrangement was proposed based on the observation that TM6 assumed two very different conformations in the agonist-and antagonistbound P2Y 12 R crystal structures. Also, in order to dock dinucleotides to the agonist-bound structure, an optimization of the binding site had to be performed to allow rearrangement of some side chains. Therefore, these docking studies are consistent with the great plasticity of the P2Y 12 R, already observed from crystallographic data. In fact, this receptor is able to adjust its conformation to accommodate ligands having very different size and Despite the conformational differences associated with the binding of different ligands, our molecular modeling analysis also highlighted some common features. Figure 13 summarizes the superposition of the binding modes, crystallographic or predicted through modeling, of one representative compound for each different ligand class analyzed in this study (except dinucleotides), and Figure S7 (Supporting Information) shows a 2D schematic summary of the proposed binding modes for different class of compounds. The most common feature, both for agonists and antagonists, is the presence of an aromatic core located between TM3 and TM5 and interacting with Tyr105 (3.33). Only glutamic acid piperazines do not conserve this aromatic feature but rather place the piperazine ring in the same position, interacting with Tyr105 (3.33). Moreover, all ligand classes, except anthraquinones, have a linear alkyl chain, important to increase affinity for the receptor, inserted in a hydrophobic side pocket at the bottom of the binding site delimited by TM3, TM4 and TM5. Other features are common between some classes of ligands but not conserved in all of them. Nucleoside derivatives, anthraquinones and glutamic acid piperazines present a negatively charged group, such as phosphate, sulfonate or carboxylate, in place of the a-phosphate group in the crystal pose of compound 3, which interacts with Lys280 (7.35). The same region binds the hydroxyl-ethyloxy group of compound 47. Non-nucleotide antagonists share the presence of an H-bond acceptor group interacting with Asn159 (4.60) (except anthraquinones), a polar group, such as an amide, urea, sulfonamide or sulfonate, located between Arg256 (6.55) and Lys280 (7.35) and an aromatic/ hydrophobic group inserted between TM6 and TM7 with the possibility of different, extended substitutents pointing toward EL3. The nucleotide-like derivative 47 also shows an aromatic ring located between TM6 and TM7, but in a slightly shifted position. All nucleotide-like ligands show peculiar H-bonding interactions formed by the ribose hydroxyl groups with Cys97 (3.25), His187 (5.36) and Lys179 (EL2).
SuMD simulations were performed to study the recognition process of compound 47 at the proposed hybrid model of the P2Y 12 R. Even though these simulations were not able to reach an orthosteric binding mode, they provided useful information on the approach of the ligand, identifying possible meta-binding sites. During its pathway towards the orthosteric binding site, compound 47 interacts with residues in the N-terminus, EL2, EL3 and the extracellular portions of TM5-TM7. The numerous polar and ionic interactions between residues in the extracellular region of the P2Y 12 R make it more difficult for the ligand to find its way to the final orthosteric pose. This is very different from what was observed previously for the A 2A AR [48] where the entrance of the binding site is exposed and loops are not covering the orthosteric cavity. Therefore, these findings support the idea of high plasticity of the extracellular portion of the P2Y 12 R needed to accommodate different ligands. Moreover, analysis of the ligand recognition pathway could help in rationalizing some mutagenesis data highlighting the effect on ligand potency of specific residues that, even if not in direct contact with the ligand in its final orthosteric pose, can greatly affect its approach to the binding site.
Conclusions
We compared two highly divergent crystallographic structures of the P2Y 12 R to address the question of which structure is more applicable to understand recognition within each class of diverse, reversible P2Y 12 R ligands. Various mononucleotide derivatives docked readily to the agonist-bound P2Y 12 R, and dinucleotides could span two pockets of the binding site. Ureas, sulfonylureas, sulfonamides, anthraquinones and glutamic acid piperazines readily docked to the antagonist-bound P2Y 12 R. The uncharged nucleotide-like antagonist ticagrelor did not dock to the agonist-bound P2Y 12 R and required a hybrid model of the P2Y 12 R. Further examination of the interaction of ticagrelor with the P2Y 12 R used the recently reported method of SuMD to define possible meta-binding sites. Thus, our structure-based approach highlighted similarities and differences in the binding modes of different compounds and consistently rationalized the main SAR within each ligand class, giving useful information for the design of new and improved compounds and new insights in the P2Y 12 R recognition process.
Experimental section Molecular modeling
P2Y 12 R structures
To perform molecular modeling studies, we used two available P2Y 12 R crystallographic structures: the first in complex with compound 19 (antagonist-bound P2Y 12 R structure, PDB ID: 4NTJ) [38] and the second in complex with compound 3 (agonist-bound P2Y 12 R structure, PDB ID: 4PXZ) [37] . The residue numbering in parenthesis follows the arbitrary scheme by Ballesteros and Weinstein [51] . P2Y 12 R structures were prepared using the Protein Preparation Wizard tool implemented in the Schrödinger suite [52] , adding all the hydrogen atoms and the missing side chains of residues whose backbone coordinates were observed in the structure. The orientation of polar hydrogens was optimized, the protein protonation states were adjusted and the overall structure was minimized with harmonic restraints on the heavy atoms, to remove strain. All the hetero groups and water molecules were deleted.
A hybrid model of the P2Y 12 R was built, to combine the features of both crystal structures, using the Prime homology modeling tool (energy-based method) of the Schrödinger suite [52] . To build this model, the agonistbound P2Y 12 R crystal structure was used as a template for the entire P2Y 12 R structure except for the extracellular terminus of TM6 and EL3. The X-ray structure of the antagonist-bound P2Y 12 R, after superimposition with the agonist-bound P2Y 12 R structure, was used as template to build the extracellular terminus of TM6 (from Phe254 (6.53) to Ser262 (6.61)). No structural template was used for the modeling of EL3 (from Gln263 to Asp269).
Molecular docking
Structures of P2Y 12 R ligands, collected from the literature, were built and prepared for docking using the Builder and the LigPrep tools implemented in the Schrödinger suite [52] . In particular, possible ionization states at pH 7 ± 1 were generated using Epik, tautomers were generated and geometries were optimized using the OPLS_2005 force field.
The SiteMap tool of the Schrödinger suite [52] was used to identify potential binding sites in the P2Y 12 R structures. A bifurcated cavity was identified on the extracellular side of the receptor and was selected as the docking site. Molecular docking of P2Y 12 R ligands to the P2Y 12 R crystal structures and hybrid model was performed by means of the Glide package from the Schrödinger suite. In particular, a Glide Grid was centered on the centroid of residues located within 5 Å from the previously identified cavity. The Glide Grid was built using an inner box (ligand diameter midpoint box) of 14 Å 9 14 Å 9 14 Å and an outer box (box within which all the ligand atoms must be contained) that extended 20 Å in each direction from the inner one. Docking of ligands was performed in the rigid binding site using both the standard precision (SP) and extra precision (XP) protocols. The top scoring docking conformations for each ligand were subjected to visual inspection and analysis of protein-ligand interactions to select the final binding conformations in agreement with the experimental data.
To obtain receptor conformations that more closely conform to the shape and binding mode of dinucleotide ligands we performed Induced Fit Docking (Standard Protocol) to the agonist-bound P2Y 12 R structure [47] . A docking box of 26 Å (with an inner box of 10 Å ) was centered on the centroid of residues located within 5 Å from the SiteMap identified cavity. Prime refinement was performed on residues within 5 Å of ligand poses. Glide docking was performed using the SP protocol. Among the resulting complexes, the one in which the first half of the dinucleotide was closely resembling the orientation of compound 3 in the crystal was selected as optimized receptor to redock all the dinucleotide ligands. Redocking was performed to the new receptor structure by means of the Glide package. In particular, a Glide Grid was centered on the centroid of residues located within 5 Å from the bound dinucleotide. The Glide Grid was built using an inner box of 10 Å 9 10 Å 9 10 Å and an outer box that extended 26 Å in each direction from the inner one. Docking of ligands was performed in the rigid binding site using the XP protocol.
Supervised molecular dynamics
Molecular dynamics simulations have been performed with a 2 NVIDIA GTX 680 and 3 NVIDIA GTX 780 GPU cluster engineered by Acellera (http://www.acellera.com/). Trajectory analysis, figure and video generation have been performed using several functionalities implemented by Visual Molecular Dynamics [53] , WORDOM [54] , the PyMOL Molecular Graphics System (Version 1.5.0.4, Schrödinger, LLC, http://www.pymol.org/) and the Gnuplot graphic utility (http://www.gnuplot.info/). Ligand-P2Y 12 R interaction energies were calculated extrapolating the non-bonded energy interaction term of CHARMM27 Force Field using NAMD [55, 56] . Full methodological details have been previously reported [48] .
Pharmacological studies
Mutagenesis studies and associated functional assays were performed as in Hoffmann et al. [45] .
